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HEM!TRANSFERANDRECOVERYTEMPERATURESONA SPHEREWITH

LAMINAR,TRANSITIONAL,MD TURBULENTBOUNDARYLAYERS

AT MACHNUM5ERSOF 2.00AND4.15

W IvanE.BeckWithandJamesJ.Gallagher

An investigationwas
distributionsona sphere
aerodynaml.cheattransfer

SUMMARY

madeof thepressureandequilibrium-temperature
at I&chnumbersof2.00and4.15.Thelocal
wasalsomeasuredona Sphereat a Machnwiber

of2.00andona hemisphere-cylinderat a Machnum;erof4.15.The
Reynoltinumberrangeforthesetestswasfrom1.5x 106to8.1x 106,
basedonfree-streamconditionsandthediameterofthespheres.b

Measuredequilibrium-temperaturedistributionsovertheforwardpart
1 ofthesphereagreedwitha laminartheoryatthelowerReynoldsnumbers

andwitha turbulenttheoryat thehigherReymoldsnumbersforbothMch
numbers.At a Machnumberof 2.00therecoverytemperaturesinthe
separated-flowregiondecreaseds13ghtlywithincreasingReynoldsnumber.

Heat-transfermeasurementsatthesta~afiionpointmadeatbothMach
numbersagreedwithlsminartheory.At a Machnumberof2.00transition
to turbulentflowoccurredatabout20°fromthestagnationpoint.The
heat-transfercoefficientsintheturbulentboundarylayerwereinrea-
sonablygoodagreementwitha simpletheoryforthiscase.similar
resultswereobtainedata Wch numberof4.15exceptthattransition
occurredfartherbackonthenoseand,atthelowerReynoldsnumbers,
theflowwaslaminarovertheentirehemisphere.At Machnumber2.00
theheat-transfercoefficientsintheseparated-flowregionwereabout
12percentof thepeakvaluesonthefrontpartof thesphere.

INTRODUCTION

Theaerodynamiccharacteristicsofbluntbodiesat supersonicspeeds
havereceivedconsiderablestudyinrecentyears.Oneoftheprincipal
reasonsforthisincreasedinterestistheIsrgereductionin localtem-
peraturethatmaybe obtainedby bluntingthenoseof a body. The
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temperaturesonthesurfaceofa bluntnosearegenerallylessthsnthose c
ona sharpnoseat givenstreamconditionsbecauseof thesmalleraero-
dynamicheat-trsmsferrates,theincreasedheat-storagecapacity,andthe
increasedrateofheatremovalby conductioninthebluntnose. b

Severalexperimentalandtheoreticalinvestigationsoftheaero-
-C heat-tr~sfercharacteristicsofhetimhericalnosesorblunt —
bodiesat supersonicspeedsarereportedinyeferences1 to9. Mastof
theexperimentaldataoftheseinvestigationswereobtainedatrelatively
smallReynoldsnumbers,andthesedataaregenerallyfoundtobe inrea-
sonableagreementwiththeoreticalpredictionsfora laminarboundary —
layer.Somemeasurementsoftheheattransferina turbulentboundary
layerarereportedinreference2;however,moredataarerequiredbefore
generalcorrelationsorcomparisonswiththeoreticalcalculationsfor
turbulentheattransferarepossible. —

Thepurposeofthisreportistopresentadditionalexperimentaldata
onrecoverytemperaturesandaerodjnmmicheattransferonsphericalnoses

.—

withlaminar,transitional,andturbulentboundsrylayers.Thetestswere
madeatstreamMch numbersof2.00and4.15overa Reynoldsnumberrange
from1.5x 106to 8.1x 106,basedonfree-streamconditionsandthediam- ti

eterofthespheres.Thelaminarandturbulentdataarecomparedwith —

appropriatetheories.Heattransferandrecoverytemperaturesmeasured
—+
v

onthebackof spheresintheseparated-flowregionarealsopresented.

SYMBOLS

CP

Cm

Cp

D

e

F

H

pressurecoefficient —

specificheatofmodelmaterial._

specificheatofairat constsnt:~ressure

diameterofmodel

emissivity

functionofwallthicknessandtemperaturedistribution
(eq.(5))

heat-transfer

—
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heat-transfercoefficient,

thermalconductivity

radiusofheat-meterflsnge

7P+ Widthofairgaparoundplug

radiusofheat-meterplug

Machnumber

Nusseltnumber,~
%

Prandtlnumi%er,y

pressure

totalheatflowrate

heatflowrateperunitarea
p#JmD

wallReynold,snumber,—
Pv

%UlxlocalwallReynoldsnumber,—
Pw

pau#
streamReynoldsnumber, ..

radiusofmodel

averageradiusof

temperature

Wm

rw + ri
modelwall, 2

equilibriumtemperature
()
m=~
at

recoverytemperature(qw= 0,

referencetemperatureforradiation,takenastemperatureof
tumnelwa31s

time
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velocityaheadofbowshock

localvelocity

dimensionlessvelocitygrsdientat stagnationpoint,

()

dul ~—.
& UmX=o

specificweightofmodelmaterial

longitudinaldistancearoundmodelsfromstagnationpoint

normaldistancefromsurface

boundary-layerthickness

displacementthiclmessof

flangethickness(seeappendix)

recoveryfactor,definedby equation(10)

angulardistancearoundmodelsmeasuredfromstagnationpoint
insphericalpolarcoordinatesystem

momentumthickness

dynamicviscosity

massdensity

Stefan-Boltzmsmnconstant,0.173X 10‘8Btu/@r)(ft2)(0R4)

shearstress

axisymmetriccoordinateonmodelsin sphericalpolarcoordinate
system

independentvariableinheat-conductionequationforflange

Subscripts: .,

A,B
.

twogeometricallysimilarmodels

P
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2

constantan

heat-meterflange

insidesurfaceofmodel

materialusedinmodel

stagnationpoint

outsidesurfaceofheat-meterplug

separationpoint

stainlesssteel

locationoftransition

total

outsidewallofmodel

at infinityoraheadofbowshock

localvaluejustoutsideboundarylayer(unlessotherwise
noted)

referencepointtskenat Cl= 90° (unlessotherwisenoted)

A barovera symbolindicatestheratioofanytemperatureto stagna-
tiontemperature.

A primedenotesvaluesindicatedby a heatmeter.

APPARATUS

DescriptionofTunnels

Thisinvestigationofpressuredistributionsandheat-transfer
characteristicson sphereswasconductedinthreeofthehlowdownjets
intheGasDynamicsBranchoftheLangleyAeronauticalLaboratory.These
jetsexhaustto atmosphericpressureandaresuppliedwithairwhichis
storedina tankfieldat a maximumpressureof5,000poundspersquare
inchanda specifichumidityoflessthan1 partofwaterpermillion
partsofairby weight.Theairisreducedinpressureby automatic-
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regulatorstothedesiredstagnationpressure,whichcanbe heldcon- (
stanttowithinl/2-percent.Thestagnation-temperaturewasalsoauto-
maticallyregulatedsothatthemaximumvariationofthistemperature‘“
withtimewas1°F perminute.Pertinentinformationaboutthethree

*.

blowdownjetsusedandtherangeofoperatingconditionsavailablefor
thetestsisgiveninthefollowingtable:

Stagnationpressure,
lb/sqin.gage. . . . . . . . 90to 140 30to140 220to Wo

Stagnationtemperature,‘F... 120to680 100to130I uo tO320
1 1 B

Test-sectionl&chnumber. . . .12.00+0.0212.00*0.0314.15+0.03

Reynoldsnumberperfoot. . . . 8.5x 106 7.0x 106 X2.1X106
33.Ot:106 44.Ot:10633.0t:106

Test-sectionsize,
tidthbyheight,in.. . . . . 9by9 gtlyg 12by 13

Typeofdiffuser. . . . . . . . None FixedI Fixed

ModelsandInstrumentation

Pressure-distributionmcdel.-Themodelusedto obtainthepressur
1 — %

distributionswasa ~-inch-diameterspheresupportedby a ~-inch-8
diametersting.A sketchofthismodelisnotshownsincetheshapeand
sizeofthemodelanditsstingsupportarethessmeasthoseof thecopper
heat-transfermodelshowninfigurel(a).Thepressure-distributionmdel
wasconstructedofstainlesssteelandwasprovidedwith35pressure .-

orificesInstalledalongonelongitudtiallineatintervalsof5°from
e = -1o”to e= 160°.Thediameterofthe”orificeswas0.02inch. —

Mercurymanometerswereusedforallpressuresbeluw50poundsper
squareinchgage,andBourdongageswereusFdforpressuresgreaterthan
thisvalue.

-.

Equilibrium-temperaturemodels.-Themodelsusedto obtainthe
equilibriumtemperatureswerethin-shellsp”heresmadeofInconel.Two

b

*
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mcdelsofdifferentwa~ thicknesswereused. Onemodelwas3 inches
indiameterwitha wallthiclmessof1/8inchandwasusedto obtain
equilibrium-temperaturedataatMachnfier 4.15only.Thissamemodel
wassubsequentlymachinedtoa diameterof21inches,whichresultedin

8
a wallthichessof1/16inch.‘Thislattermodelwasthenusedto obtain
additionalequilibrium-temperaturedataatMachnumber4.15in orderto
investigatetheeffectofwallthicknessonthemeasuredequilibrium
temperatures.

&
The2 -inch-diameterInconelmodelwasalsousedto

measureequi~briumtemperaturesat Machnuniber2.00. A sketchofthe
3-inch-dismetermodelanditsstingsupportis showninfigurel(b)
togetherwiththelocationandmethodofinstallationofthe32iron-
constsntanthermocouplesinthesphereshell.

Thetemperatureswererecordedonself-balancingpotentiometers.A
manualswitchingsystemwasusedsothatau themodeltemperaturesas
wellas thestagnationtemperatureoftheaircouldbe recordedona
singleinstrument.Theaccuracyofthepotentiometersusedwas1/4per-
centoffull-scaledeflectionwhichwas2000F forthetestsatMach
number2 smd330°F forthetestsatMachnumber4.

Isothermalheat-transfermodel.-Theisothermalheat-transfermodel
wasa reh,tivelythick-shellspheremadeofelectrol@icpurecopper.
Themodelwas~ inchesindiameterandhada 0.3-inch-thickwalILwhich
remainedessentiallyisothermalevenforlargeheat-transferratesbecause
ofthelargethermalconductivityofcopper.A sketchofthemodel,the
stingsupport,andthermocoupleinstallationis showninfigurel(a).The
thermocouplesconsistedof singleconstantanwiressolderedatvarious
locationsonthemcdelanda comnonheavycoppertiresolderedat one
pointontheinsidesurface.As indicatedinfigurel(a),35thermo-
coupleswereinsta~edat5°intervalsalongonelongitudinallinewith
thecopper-constantanjunctionlocatedapproximately0.05inchfromthe
outsidesurface.Also,fourthermocoupleswereattachedto theinside
surfaceat intervalsof45°. Themodelwaschromiumplatedtoreduce
surfaceabrasionduringthetests.Thethicknessof thechromiumplating
wasapproximately0.0002inch.

Thetemperature-timehistoryofthismodelwasobtainedfroma
36-channelrecordingoscillographwhichhaselementswitha sensitivity
of12.8microartrperesperinchofdeflection.Full-scaledeflectionwas
about1.inches,whichcorrespondedto a temperaturechangeof250°F.

An accuracyin absolutetemperatureof1°Fwas obtainedby individually
calibratingthegalvanometerselementsbeforeeachtest.Therelative
temperaturesfromanyonechemnelwereaccuratetowithin+l/4°F. The
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stagnationtemperaturewasobtainedfromself-balancing
tiometerswithanaccuracyof1/4percentoffull-sc_ale
instrumentswereusedwithrangesof0°F to600°F and
dependingupontherangeofthetests.

mcllm 4125

recordingpoten- W—
deflection.Two
0° F to 1,200°F ~–

— —

Hemisphere-cylinderheat-traasfermodel.-Thehemisphere-cylinder
modelwas2 inchesindiameterandhada wallthicknessof0.110inch.
Themodelwasmadeofstainlesssteelendwasinstrunentedwi.th7 plug-
typeheatmetersand10copper-constszrhnthermocouples.Thelocation
ofthethermocouplesandheatmetersandtheconstructionoftheheat
metersareshowninfigurel(c).Themeterswerefabricatedby first
tinningthecontactsurfacesofthestainlesssteelandconstsmtanwith
0.0015inchofsilversolderand,then,heatingtheassemblyunderpres-
suretomakethejointsasthinaspossible.Themetersorplugswere
thensilversolderedintothemodelwitha lowertemperaturesoldersmd
a finalmachiningcutwasmadeonthewholemodel.A flangethatwas
0.006inchto0.012inchthickheldthemetersinplace.Theairspace
wassealedattheinsidesurfacewithinsulatingcementandthestainless-
steelwireswerespotweldedtothemeterandmodel.

Theoutsidethermocoupleswereinstalledwiththe,junctionverynear d
thesurface.Thisinstallationwasaccomplishedby firstcoatingthe
barethermocouplewireswitha heat-resistantinsulatingpaint.The P“
individualwiresweretheninsertedIn separateholesdrillednormalto
thesurfaceanispaced0.1inchapart,as indicatedinfQure l(c).The
endsofthewireswerecutoffflushwiththeoutsidesurfaceanddressed

—

downsmooth.Thethermoelectriccircuitwasthencompletedby a very
thinfilmofsilversolderappliedovertheoutsidesurfacesreaincluding
thetwoholes.

Heat-trsmsferdatawereobtainedonthismodelbycodingit-with
waterata constantflowrateandtemperateuntilsteadywalltempera-
tureswereindicated.Theelectromotiveforceacrosstheccmstszrtandisk
inthecenteroftheheatmeteris thenproportionaltotheheatflow
ratethroughtheplug. Applicationofa correctionfactortothisheat
flowrategivestheheatflowrateperunituea at theoutsidesurface.

Theoutputfromtheheatmeterswassmplifiedby a direct-current
amplifierwhichhassixdifferentscalesrangingfrom50mi.crovoltsto

.—

2,000microvoltfull-scaledeflection.Theoutputfromtheamplifier
wasrecordedona self-balancinpotentiometer.

7
Theoverallaccuracyof

theamplifierendrecorderis1 2 percentoffull-scaledeflectionfor
a steadyinput.
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-1 Imgitudinal
heattra&ferdue

TESTPROCEDURESANDDATAREDUCTION

heatconductionaroundtheshellsofthemodelsand
toradiationwereincludedwhenevernecessaryinthe

datareductionfortheequilibrium-temperaturemodelsandthecopper
heat-transfermodel.Therelationusedindatareductionisderived
fromtheheatbalanceforanelementofa sphericalshellwithsmallbut
finitewallthiclmess& = rw - ri ~d volumerav2sine d@df3& where
rav istheaverageormeanradiusoftheshell.Theaerodynamicheat-
transfer
transfer

q~

wherein

rateforan axisymmetrictemperaturedistributionandzeroheat
attheinsidesurfaceisthen:

() (‘av2bT %# a%+=WCm&~
w x-— rw2 i3r32+%)+ ae~~ -Tr&4)

(1)

thisequationT shouldbe consideredasan averagetemperature
acrossthethicl&essAr atanystatione. A similarexpressionfor
theaerodynamicheattransferto a sphericalshellis giveninrefer-
ence8 whereno restrictionis imposedontheshellthichessbutthe
temperaturederivativeswithrespectto timeand e areassumedinde-
pendentof r. Thetemperature-timederivativetermin theexpression
ofreference8 is,therefore,differentfromthecorrespondingtermin
equation(l). Fortheshellthicbessandradiusof thecopperheat-
transfermodelthisterminequation(1)isabout0.7percentsmaller
thantheexactvaluefromreference8.

A generalprocedureusedin allthetestswasto preheatthepiping
andtunnelsystemupto a temperatureapproximatingthedesiredstagna-
tiontemperature.Thisprocedureinsuredthatfortheequilibrium-
temperatureteststheheat-transferratesduetoradiationweresmall.
Thethermalpropertiesofairweretakenfromreference10.

EquilibriumandRecoveryTemperatures

Thin-shellmodels.-Theterm“equilibriumtemperature”isusedto
aT - 0, ~d theterm“recoverydenotethelocalmeasuredtemperaturewhen
at

temperature”isusedforthelocaltemperat~ethatwouldbe obtainedwhen
thelocalvalueof qw= O. Beforeanyequilibrium-temperaturedatawere
obtained,thetunnelwasrunat steadystagnationconditionsforat least
~ minutes,and,as a result,thestor%etermofeq~tion(1)wasneg~-

gible.In general,when aT_o
at ‘

q # O buthassomesmallfinitevalue
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whichisdifficultto calculateaccuratelybecausethetemperaturederiv- *
ativesinequation(1)aredifficultto evaluateaccuratelyfromexperi-
mentaldata. Therecoverytemperaturesmaybe obtainedfromthemeasured
equilibriumtempera_turesontwothin-shellmodelsofdifferentwall h
thicknesses(withoutcomputingqw fromeq.(l))by plottingtheequi-”
libriumtemperatureagainstwallthicknessandextrapolatingto zero
thickness.Ingeneral,thecorrectfunctionalformofthevariationof –
equilibriumtemperaturewithwallthicknessisunlmown;however,a simple
linearextrapolationto zerothiclmessgivestherecoverytemperature
withgoodaccuracyasisshownby thefollowingconsiderations.

Iftwothin-shellmodels,A andB, theswnein everyrespectexcept
forwallthicknesssmddiameter,aretestedinanairstreamatthesame
kch number pco%DI& andReynoldsnumber- ,md atnearlythesametemper-

ature,
onthe

--

thendimensionalconsiderations~quirethatat corresponding
twomodels

Theratioofthelocalheat-trsnsferrateswouldthenbe

qw,A=
qw,B

Soltingthisequationfor Tr
heat-transferratesresultsin

fir=

% km,ATW,A- Tr
Z&,BTW,B - ‘r

points

(2)

(3)

andsubstitutingfromequation(1)forthe

wherealltemperaturesaremadedimensionlessby dividingby thetest
FA

stagnationtemperature.Theratio~ isgivenby theequation

fortheconditicmsof ~= O andnegligibleradiation.
at

w

(4)
—

—

(5)
K
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b Thepercenterrorinrecoverytemperaturedueto an errorinthe
FA ~~ratto—
%

* ~,A - ~
~-r TVB 1

()

FA
—=
~r FA

— d%
~VA FA ~

~-~:B ~-

(6)

fromequation(4)forgivenvaluesof ~w,A and ~w,B. EqUatiOn(6)then
indicatesthat,fortheconditionsof ~w,AS~w,B and FA # l& a rather

‘w
‘Alargeerrorintheratio~ csnbe toleratedwithoutcausinga corre-

spondinglylargeerrorinrecoverytemperatures.Consequently,when
DA* DB and & A= &,BJ equation(5)maybe replacedby theapproximate)
expression

(7)

sinceitfollowsfromtheconditionsof ~w,A- ~w,B andthephysical
similarityofthemodelsthatthetemperaturederivatesarealsoapproxi-
matelyequal.Substitutingequation(7)intoequation(4)resultsinthe
approximateexpressionfortherecoverytemperatureratio

Thisexpressionshowsthatforthin-wallmodelstherecoverytemperature
isgivenby a linesrextrapolationto zerothicknessof thevariationin
equilibriumtemperaturewithwallthickness.

Theradiationtermwascomputedforsometypicaltestsandwasfound
tobe lessthan4 percentoftheconductiontermand,hence,wasgenerally
neglected.Thesmallvalueoftheradiationtermisdueto therelatively
smallvaluesof Tw and Tref end,also,to thefactthatthesetempera-
tureswereaboutthessmebecauseofthepreheatingbeforeeachtest.
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ThephysicalconstantsfortheInconelusedin
were ~ = 8.5,Btu/(hr)(ft)(°F) and e = 0.2. The
betweenalltests.

NACATN 4125 .—

thedatareduction #.
modelswerepolished ..

b

Heat-metermodel.-Theaerodynamicheat-transferratesweremeasured
directlyonthismodelsothattherecovery~~e~atureswereobtainedby
plottingH (proportionalto qw)against

‘T.
w andextrapolatingto —

H= O;thatis,for H = O,”qw= O and ‘%= To-Tr
* To “

TransientHeat-TransferMeasurements

TheaerodynamicheattransferatMachnumber2.00wasobtainedonthe
thick-wallcoppersphereby a transientmethod.Inthismethd theheat-
storageortime-dependenttermof equation(1)isusuallythepredominant
factorincalculatingtheaerodynamicheattransfer.Themodelwaspro-
tectedfromtheunsteadystartingconditionsInthejetby disposable
water-cooledcovers.Thecoversconsistedof-double-walledhemispherical
shellswhichwerefittedtogetherwitha leak-proofseal.Afterattaining
thedesiredsteadyconditionsinthejet,a quick-releasemechanismwas
actuatedandthecoverswereblownoffthemodelby theairstream.In
thiswaythemodelwasmaintainedata uniformtemperatureuntilthe
coverswerereleased.Thedataindicatedthatthisinitialtemperature
distributionwasuniformtowithin2°F overtheentireregionwhere
temperaturesweremeasured.

Thetemperaturevariationwithtimeattwopointsonthecoppersphere
duringa typicaltestis showninfigure2(a).Thecompletetemperature-
timehistoryupto1 secondfromtimezeroforthesanetestis shownin
figure2(b).Theinitialtemperatureof tie-modelforthistestwas85°F
asindicatedinthefigures.Theoutsidetemperaturesweremeasured
approximately0.05inchfromtheoutsidesurface(fig.l(a))sndthe
insidetemperatures,denotedby theflaggedsymbolsinfigure2(b),were
measuredattheinsidesurface.

Figure2(a)showsthatthetemperaturederivativeswithrespectto
timeat smallvaluesof t dependontheradiallocation.However,in
thederivationofequation(1),itisassumedimplicitlythatthetemper-
aturederivativesareindependentoftheradiallmatfon. Consequently,
anytemperaturedatafor O < t <0.3 weremt used. —

Figures2(a)and2(b)showthatthetemperaturealsovariesconsider-
ablywithradiallocation.Thisvariationindicatesthatsmallerrorsin
thedepthwiselocationoftheoutsidethermocoupleswouldcauseerrorsin
thederivativesof T withrespectto Elrequiredin equation(l).These

*

—

!P

r
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errorswereminimizedby adjustingthetimezeroforeachthermocouple
recordaccordingto theradiallocationofthethermocouple.Thisadjust-
mentwasobtainedby disregardingtheearlypartoftherecords(gener-
ally, t < 0.3second)andextendingthetemperature-timecurvesbackwards
to theinitialtemperatureby usingthesaneslopeandcurvaturethat
wasfoundatthelargertimes(generally,t >0.3 second).Thispro-
cedureis illustratedinfigure2(a)wheretheextendedportionsofthe
curvesareshownasdashedlines.Theintersectionof eachextendedcurve
withthelinefortheinitialtemperatureofthemodelwasthentakenas
theadjusted“timezero”forthatparticularthermocouplelocation(this
adjustedtimezeroinfig.2(a)isat -0.12secondfortheoutsidethermo-
coupleand0.16secondfortheinsidethermocouple),andthetemperatures
werethenreadagainattheadjustedtimes.Theresultofusingthispro-
cedureonthetypicaltestoffigures2(a)and2(b)is showninfigure2(c).
Theadjustedtemperaturesderivedfromtheinsidethermocouplessrenow
aboutthesameastheadjustedoutsidetemperaturesandsomeoftheappar-
entirregularitiesinthetemperaturedistributionsoffigure2(%)have
beenremoved.Thisagreementindicatesthatthegeneralprocedurejust
describedisvalid,andplotsofthetypeoffigure2(c)werethenused
to evaluatethederivativesof T!withrespectto e requiredinequa-
tion(l). No dataat t > 0.6secondwereusalfromthismodelbecause
oftheincreasingratiooftheconductionto storagetermsatthelarger
times.Thislimitationmirdmizedtheerrorsinvolvedin evaluatingthe
conductionsincetheratiooftheconductionto storagetermswasalways
lessthanabout0.3for t < 0.6second.Theheattransferduetoradia-
tionwasfoundtobe negligibleas compsredwiththestorageaticonduc-
tionterms.

Thephysicalconstantsforcopperusedinthedatareductionwere
W = 559lb/cuft, Cm= 0.0915Btu/(lb)(°F),~= 220Btu/(hr)(ft)(°F),
snde= 0.5.Themodelwaspolishedbeforeeachtest.

DirectMeasurementofHeatTransfer

A plug-t~eheatmeterwasusedforthedirectmeasurementofaero-
dynamicheat-transferrateson thehemisphere-cylindermcdelwhichwas
testedat?&chnuniber4.15. A generalobjectionto theplug-typeheat
meterhasbeenthattheplugmaycauselargeperturbationsin thelocal
walltemperaturesofthemodel.Thesetemperatureperturbationsinturn
causedisturbancesinthelocalboundary-layercharacteristicsad, also,
mayintroduceextraneousheat-conductioneffectsintheplugitse~. The
heatmeterandtestprocedureusedinthisinvestigationweredesignedto
minimizetheseeffects.Themodelwascooledwithlargeamountsofwater
(about100poundsperminute)inthemsmnerindicatedinfigure1(c)and,
thereby,a nearlyuniformtemperaturewasmaintainedat theinsidesur-
faceoftheplugsandsurroundingmcdelwall. Theoutsidetemperatures
oftheplugandsurroundingmodelwerealsoaboutthessmebecauseof the
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relativelythinwallandbecawe thematerialsusedintheplug(conslnan-
tanandstainlesssteel)werechosensothatthenetthermalconductivity

●

throughtheplugandmodelwallwasnearlythessne.Theoveralleffect
ofthethinwallandlargecoolingrateswasto causemostoftheheat P.
flowtotakeplacein a directionnormaltothewallinthemodelaswell
astheplug.Theairspacearoundtheplug(seefig.l(c))forcesa one-
dimensionalheatflowthroughtheconstantandisk.Aftersteadytemper-
atureshavebeenattained,thetotalheatflowrateperunitareathrough
theplugis then

ATc
=kqt c~

c
(8)

whereATc isthetemperaturedifferenceacrosstheconstantsdiskand
kc isthethicknessoftheconstantandisk.Thistemperaturedifference
is obtainedfrcmtheelectromotiveforceappearingacrossthestainless-
steelwirestotheheatmeter.(Seefig.l(c).) Thethermoelectricout-
putofthestainlesssteelandconstantanjunctionsisknownasa function
oftemperaturefroma previouscalibrationof thesamematerials.

--d

Theaerodynamicheat-tr=sfercoefficientisgivenby theequation v

()qt h
h= Tr - Tpl~ (9) —

h iss.factorthatcorrectsfortheamountofheattransferredwhere r“
between’’thesurfaceoftheflangeandtheairstreamand,also,forthe
amountofheatconductedintotheflangefrom.themodel.Heattransfer
duetoradiationisnotincludedin equation(9)sinceitwasnegligible
in comparisonwiththeaerodynamicheattransfer.Thesurfacetempera-
tureoftheplug Tp’ iscomputedby assumingone-dimensionalheatflow
throughtheplugand_byusingthetemperaturemeas~edattheinside ._
surface.Thetemperaturedistributionalongthesurfaceoftheflange
determinesthecorrectionfactor* anddependsontheheat-transfer
coefficientandthedimensionsandthermalconductivityoftheflangeas
wellasthesurfacetemperaturesoftheplugandmodel.Thetemperature
distributionontheflangemaybe calculatedfrcma differentialequation
whichisderivedintheappendix. —

—

Thedatapresentedin thisreporthaven@ beencorre@edforthe _
flangeeffectbecauseofpossibleexperimentalerrorsinthemeasured _

.

9



NACATN4125 15

b

9

temperaturesTV and Tp;however,typicalvaluesof thecorrection
factorandtheeffectofvariouspsmznetersonthefactoraxegivenin
theappendix.

ValUeSOf Tp~ Tw~~d Ti areshownfora typicaltestinfig-
ure2(d).ThetemperaturesTw and Ti me measuredontheoutside
andinsidesurfacesofthemodelatthelocationsindicatedinfigurel(c).
Possibleerrorsinthesemeasuredtemperaturesandthederivationof
equation(9)arealsogivenintheappendix.

Thephysicalconstsntsfortheconstantanandstainlesssteelusedfor
thismodelwere& = 1.2.8Btu/(hr)(ft)(OF)ad kst= 9.3Btu/(hr)(ft)(oF),
respectively.Thestainlesssteelwastype303,thatis,about18 per-
centchromiumand9 percentnickel.Thethermoelectricoutputofthe
particularstainless-steel-constantsmconibinationusedinthismodelis
givenin thefollowingtable:

Averagetemperatureof Microvoltper
junctions,OF oF

27.5
z 25.4
100 24.2

23.4
140 23.1

Thismodelwaspolishedbeforemostofthetests;however,severaltests
weremadewithoutpolishinginorderto observe~heeffec~ontheheat
transferofthenatural-surfaceabrasioncausedbyforeignmaterialin
theairstresm.

RESUITSANDDISCUSSION

PressureDistributions

Thevariationofpressurecoefficient~ tith Q at M= 2.00 for
variousstreamReynoldsnunibersis showninfigure3. Overthefrontpart
ofthespherethepressuredoesnotvaryappreciablywithReymoldsnuniber
andUP to about e = 600 is closelyapproximatedbytheNewtonisn
distribution

2
CP= CP)OCose
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where Cp,o wascalculatedfromtheaverageI&chnumberofthejetand
thenormalshockrelations.Onthebackofthespherewithinthe
se~ated-flowregiontheReynoldsnuniberhaaa largeeffectonthepres-
sureandalsoontheseparationpoint.

A comparisonoftheseparationpointobtainedfrcmschlierenphoto-
graphsoftherecovery-temperaturemodelwiththeseparationpointindi-
catedby thepressuredata,offigure3 isshowninfigure4. Ingeneral,
theflowseparatessomewhatfartherforward-ontherecovery-temperature
model,as shownby theschlierendata,thanonthepressure-distribution
model.Thedifferentlocationoftheseparationpointsonthetwomodels
isprobablycausedby thedifferentstingdiametersor someotherchange
intheflowassociatedtiththepartictisrjetsusedforthetests.The
recovery-temperaturemodelhasa ratioof stingdiametertomodeldiameter
of0.24as compsredtitha ratioof0.18forthepressure-distribution
model.(Seefigs.l(b)andl(a).) Theschllerenphotographsweretaken
oftherecovery-temperaturemodelinthevariableMch numberclosedjet
andthepressuredatawereobtainedinthe-M= 2 openjetwiththenose
ofthemodel7/8inchinsidetheendofthejet. Sampleschlierenphoto-
graphsatthreeReynoldsnumberswe shownasfigure5 toillustratethe
rearwardmovementoftheseparationpointwithincreasingReynoldsnumber.
Thelocationofseparationwasassumedtobe atthepointofintersect~on
oftheforwardobliqueshocktiththesurfaceofthesphere.

Thepressuredistributionsobtainedonthesphereat l.&= 4.15 and
at F&= 6.7x 106and9.1x106 areshowninfigure6. Thepressure
overtheforwardpartofthemodelis ingoodagreementwiththatcalcu-
latedby theNewtonianexpressionalmostsllthewayto theseparation
point.ThissmallchangeinReynoldsnuniberhadlittleeffectonthe
separationpressureorlocation.

EquilibriumandRecoveryTemperatures

& = 4.15.-Thethin-wallInconelmodelwastestedfirstwitha
wallthicknessof1/8inchat ~ = 4.15. Afterthesetestswerecom-
pleted,thesamemodelwasmachinedto a wallthicknessof1/16inchand
moredatawereobtained.Theresultsofbothseriesoftestsarepre-
sentedinfigure7 wheretheratiosof themeasuredequilibriumtempera-
turestothestagnationtemperatures‘e~o areplottedagainststream
Reynoldsnumber& forvaluesof e from-10°to 145°. On thefront
partofthespherefromthestagnationpointto about e = 35°,thereis
littledependenceof Te~o on ~ (fig.-7(a)).l?romabout e = 35°
to 8= 115° (figs.7(b)to 7(d)),Te/To generallyincreaseswith
ReynoldsnumberRm. For e >115° (figs.7(d)~d 7(e)),Te/To iS

aboutconstantwhen & > 4.5x 106. Thevaluesof Te/To srehigher

.-

U

—
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w
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% onthethin-wallmodelthanonthethick-wall
exceptinthersmgeof e fromapproximately
turereversalis causedby +Aeincreasedheat

17

modelat allvaluesof e
900to ll~o. Thistempera-
conductionintothisregion

9 onthethick-wallmcdelsincetheminimumtemperaturesarefoundhere.

Trsmsitionoccurredat ~- 4.5X 106 at allvaluesof e >45°
as indicatedby theabruptincreasein Te/To onthethin-wallmcdelat
thisReynoldsnuniber.Forvaluesof El>1150 and ~ <4.0 x 106,the
measuredtemperaturesonthethick-wallmcdelmaybe about1 percenttoo
lowbecauseofinsufficienttestingtimeto a210wfortheextremelylow
heatingratesinthisregion.

Thedatashowninfigure7 havebeenextrapolatedlinearlyto zero
wallthicknesssince,accordingto thediscussioninthesectionentitled
“Thin-shellmodels,”thisprocedureispermissibleif ~w,As ~~,B and
DA- ~. Theresultsoftheextrapolationsreshowninfigure8 where
theratiooftherecoverytemperaturetothestagnationtemperatureTr/To
isplottedagainste forthreeReynoldsmmibers.Thecurveslabeled
“laminartheory”and“turbulenttheory”werecomputedfromtherelation

(lo)

turbulent-flowtheory,andthePrsndtlnumberwasassumedconstantat
‘Pr= 0.7.Justas isshowninfigure7,thesedataarealmostindepend-
entof Rm for e <40°, andat ~ = 3.OX 106 thedataareslightly
belowthelsminsr-theorycurve.For f3> 40°, Tr/To atthelarger
Reynoldsnunibersishigherthanthelsminsrdataandtendstofollowthe
trendofthetpbulent-theorycurve.Thisbehaviorindicatesthattransi-
tionoccurredat about e= 40°tO 45°. Downstreamof theseparation
pointwhichwasbetweenf3= 90°and105° (inagreementwiththepressure
dataoffig.(6))Tr/To is againindependentof & andincreaseswith
increasingdistancearoundthemodel.Ml thedataup to (3= 90° would
be inbetteragreementwiththetheoryifthelaminar-theorysmdturbuJ-ent-
theorycurveswerereducedabout1 percentin orderto agreewiththedata
~t e-=00.

Somerecovery-temperaturedatafromthe
showninfigure8. Thesedatawereobtained
dimensionlessheat-transferparameterH is

To-%
turepsrmeter T . Inaccordancetith

o

heat-metermodelarealso
fromfigure9 wherethe
plottedagainstthetemp-era-

a proceduregiveninthe
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sectionentftled“Heat-metermodel,” therecoverytemperaturesfromthis
figurewe cmputedfrm theintersectionofthefairedcurveswiththe
axis H = O sothattheexpressionfor Tr/To iS

●

$ ().l-2i5d
o To

H=O

Note,however,thatthesurfacetemperatured~stributionontheheat-meter
modelis suchthatthecondition~ = O isgenerallyfoundat o- one
pointormea onthemodelduringanyonetest.Thus,infigure9 the

(
To - Tw

pointstotheextremeleft smallestvaluesof
TO )

wereallobtained

inthesametest,sothatforthistest qw= O at-e = 75°and90°j

for e < 750 theWECUtemperatureswerestillconsiderablybelowrecovery
temperatures.Accordingtoa qua~tativeanalysisoftheeffectofwall “
temperaturedistributiononthelocalrecoverytemperatures,therecovery
temperaturesfromfigure9 shouldthenbe somewhatlessthanthevalues
onthethin-wellsphereswhereforanyonetest qw* O overtheentire
model.Comparisonofthedatainfigure8,however,showsgoodagreement
betweenthetwosetsofdataat comparableRe~o~dsnumbers.Apparently,
then,thiseffectistoosmall.tobe measuredinthepresenttests.

~= 2.00. - Theratiooftheequilibriumtemperaturetothestagna-
tiontelnperatureTe~o measuredata stresm?&chnumberof2.00ispre-
sentedinfigure10. ThesedatawerealJobtainedontheInconelmodel
witha wallthicknessof1/16inch.Onthefrontpartofthespherethe
resultsaresimilsrtotherecovery-temperaturedataat M&= 4.15
(fig.8)exceptthatforthelargerReynoldsnumbers(%? 6.45x 106)
transitionapparentlyoccurredsomewhatfartherforwardat e= 25°tO30°.
At thelowerReynoldsnumbers(~ ~ 3.49X 106) transitionapparently
occursaheadof e = 90°70~tndloatedbytheincreasingvaluesof Te/To
inthevicinityof e = .

Thetheoreticalcurveswerecomputedbyuseofequation(10)with
the’smevsluesof V. Theagreementbetweenthedataandthetheory
wouldbe improvedifthetheoreticalvalueswerereducedby about
1/2percent.

Intheseparatedregion(fig.10), Te/Towasessentiallyconstant
withincreasingdistancearoundthemodelbutdecreasedslightlywith
increasingReynoldsnumber.Thisdecreaseisprobablycausedby thessme

.—

~.

.-.

●
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flowmechanismwhichcausedthecorrespondingdecreasein thepressure
in theseparatedregionshowninfigure3.

Heat-TransferCoefficients

Stagnationpoint.-Alltheheat-transferdataobtainedatthestag-
nationpointinthisinvestigationareshowninfigureILasa “wall”
Nusseltrumiber~

%
plottedagainsta parameterwhichistheprcductof

@JmD
a “wall”ReynoldsnuiberRD= —

h
andthedimensionlessvelocity

gradientu1* evaluatedatthestagnationpoint.Therecoverytempera-
turesusedto computeh weretakenfromthedataoffigures8 and10.
Theheat-transferdataat ~ = 2.0 wereobtainedonthethick-wall
coppersphereby thetransientmethod,andthedataat ~ = 4.15 were
obtainedonthehemisphere-cylindermodelwiththeheatmeters.Theheat-
meterdataareshownuncorrectedforanyerrorscausedby theheattrans-
ferredtotheflange.Someofthedataat M&= 4.1’5wereolta.inedwith
thehemisphere-cylindermodelyawed15°in ordertoprovidea crosscheck
oftheheat-transfercoefficientsobtainedfrcmthedifferentmeters.
Comparisonofthesedatashowsthattheheatmeterlocatedat f3= 150
intheunyawedpositionandat f3= 0° whenthemodelwasyawed(see
fig.l(c))wasindicatingheat-transferratesabout10percenthigherthan
themeterat e . 0° (modelunyawed).Thisdiscrepancyisprobablycaused
by constructionalvariationsin theplugssinceyawingthemodelshould
haveno effectontheheattransferonthehemisphericalnose.

Idnesshowninfigure11labeled“lsminartheory”arecomputedfrom
theresultsofreference9 whereitis shownthatin thevicinityofthe
stagnationpointthelocalNusseltnuniberdividedby thesquarerootof
the-localReynoldsnumberorthequmtity

h

isa functiononly
tureto stagnation

rJ/3——
\pwx

ofthePrandtlnumberandtheratioofwalltempera-
temperature.Ifthedimensionlessvelocitygradient

atthestagnationpoint U1* isintroducedintothisquantity,-then

(U-)
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%UThevaluesusedfor_—
w.

were0.663and0.639j

Tw/TO= 1.0and0.5 (ref.9). Thevaluesused
b= 2.00 and1.19for & = 4.15,as obtained
distributiondataoffigures3 and6.

*—
respectively,for.- .-
for U1* were1.54for &
fromthepressure-

—

—

Thedataat ~ = 2.00 areingoodagreementwiththetheorybut
thedataat M&= 4.15 sreaboutI-2percenthigherthsnthetheory. —
Applicationofa correctionforflangeeffectswouldreducethesedata
at ~= 4.15 by 15to25percent;thisreductiondependsontheplug
andwalltemperaturesandflangethickness,asdiscussedintheappendix.
Apparently,then,thecorrecteddataat ~ = 4.15 wouldbe somewhat
lowerthanthetheorybyan smountwhichiswellwithintheuncertainties
dueto flangecorrecticmsndconstructionalvariationsintheplugs.No
effectofa variationin Tw/To asindicatedby thetheorycouldbe
detectedinthedata.

Variationofheat-transfercoefficientswith O at K = 2.00.-
Theheat-transfercoefficientsonthecoppersphereat w = 2.00 are
presentedinfigure12astheratioofthelocfiheat-tra-sfercoefficient
to thevalueatthestagnationpoint.Thelocalheat-transferrateswere
calculatedfromtheexperimentaltemperature:timehistoriesby usingequa-
tion(1),andtherecoverytemperatureswere.gbtafne~fr~ theeqerf-.

.-

mentaldataoffigure10. -.

Thelargeincreasesinheattransferoccurringonthefrmt partof
thesphereandreachinga maximumatabout e = 40° (fig.12)areevi-
dentlycausedby transitionto turbulentflow,sincetheheat-transfer
coefficientsatthestagnationpointsreinagreementwithlsminartheory
(fig.11). Also,iftheboundarylayerwereentirelylsminar,theheat
trsmsferwouldbe e~ectedtodecreasewithincreasinge asshowx”in
previousinvestigations.(See,forexample,refs.4 and8.) .-

Theheat-transferdistributionfora lami.narboundarylayer,asshown
infigure12,wascomputedfromthemethodofreference11by useof
Mangler’stransfo-tion(ref.12). Comparisonofthetheorywiththe
experimentaldatashowsreasonablygoodagreementfromthestagnation --

pointuptothere~on of e =
.—

10°to 30° wherelargeincreasesin h
occurred.Thisvalueof e ispresumablythelocationforthebeginning ‘“-
oftransitionandissubsequentlyreferredtoas eT.
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Thetheoreticalheat-transferdistributionina turbulentboundary
layerwascomputedby usinga modificationofFalknerlsexpression
(ref.13)fortheskinfrictionona fkt plategivenby theequation

Tw _ 0.0131

()

g+$.l~x1/7%%2 —
h

andReynoldsanalogyintheform

h—= 1.2-+
PwUlcp %Ul

wherethegaspropertiesareevaluatedatthelocalwalltemperatureand
localpressure.(Skin-frictioncoefficientsandReynoldssnalogyfrom
theseformulassxecomparedwithrecentexperimentaldataonflatpktes
at supersonicspeedsinrefs.14and15.) Theresultinge~ressionfor
theheat-transfercoefficientis

h=O“O1”s()Pw
(12)

Combiningequation(K!}withtheexpressionforthelsminsrheat-transfer
coefficientatthestagnationpointobtaindfromequation(n) and
assumingconstantTw givestheequation

(13)

whichwasusedto computethelong-short-dashcurvesinfigureE? labeled
“localflatplate(turbulenttheory).” Thelocalvaluesofpressureand
velocitywereobtainedfromthemeasuredpressuredistributionsoffig-
ure~ snd x wasmeasuredfromthestagnationpoint.Thetwocurves
shownwerecomputedfor RD = l.1x 106and19x 106 whicharethe
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approximatelimitsofthisparsmeterforthetests.Comparisonofthe “ f
experimentaldatawiththetheoryindicatesthatequation(13)predicts
thecorrectvariationoftheheatt?%nsferwith Q from e = 400to900.
Thepredictedmagnitudeoftheheattransferonthisportionof the !:
modelisgenerallyconservative.Theexperimentalvaluesareasmuch
as20percentbelowthecomputedvaluesexceptforthetestat
k= 2.74X 106 wherethedatasreasmuchas40percentbelowthe
theory.Theagreementbetweentheexperimentaldatasndthetheory
indicatesthat,withintheexperimentalsca~~erofthepresentdata,
thesimpleflat-plateformulasgivenby equation(12)predictthetur-
bulentheattrsnsferonsphereswithreasonableaccuracy.No consistent
trendcausedby changesin RD or Tw/To isevidentinthedata. The
experimentalscatterinthedataisprobablymaskingsnysucheffects
overthesmallrangeofReynoldsnumberandtemperatureavailablein
thesetests.Theheat-transfercoefficientsintheseparatedregion
onthebackofthesphereareabout12perca_tofthepeakturbulent
values.

.—

Heat-transfercoefficientsat l&= 4.15.-Theexperimentalheat-
trsmsfercoefficientsonthehemisphere-cylindermodelat l&= 4.15
arepresentedinfigure13intheformofthewallNusseltnurrberdivided

.

by thesquarerootofthewallReynoldsnumber.“f’hlsparticularparm-
—

eterwasusedhereratherthan h/he=oinorderto correlatethelsminsr B
heat-transferdataand,also,*Ofacilitatecomparisonwithotherexperi-
mentalandtheoreticalinvestigations,suchas thoseofreferences4
and9. Theheat-transferrateswereobtaineddirectlyfromtheheat-
meterreadingsby meansofequation(8)withno correctionincludedfor
flangeeffects.(Seetheappendixfora discussionof thesecorrectiorm.)
Therecoverytemperatureswereobtainedfromthedataoffigure8 and
thelocalflowquantitieswerecomputedfrom-thepressuredistributions
offigure6 andthemeasuredwalltemperatures.Eachdatapointshown
infigure13isthearithmeticaverageofthevaluesobtainedfromthe
nuriberoftestsindicatedinthekey.

.—

Thecurvesshowninfigure13fortheheattrsnsferina lsminar
boundarylayerwereobtainedby computingthevariationinheattransfer

—

aroundthesphereby themethodofreference11andapplyinga correction
totheseresultsinordertobringthestagnation-pointvalueintoagree-

.

mentwiththetheoryofreference9. Thelocalflowquantitiesneeded
inthiscalculationwerecomputedfromtheexperimentalpressure-

.

distributiondataoffigure6.
—.

.

.

.
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Thetheoretical
hx/%~’ ina

distributionofthelaminar
turbulentboundarylayeris

andis givenby therelation

heat-transfer
obtainedfrom

hx—= (0.0157)NW

r
%Ulx

kw—
[Eq5’14(#’

IJw

psrameter
equation(12)

for Tw = TW,2. Thesubscript2 denotesquantitiesevaluatedatany
convenientreferencepointwhichinthiscaseis takenat e = go”.

Thedataoffi~e 13havebeendividedintotwosetsaccordingto
theconditionofthemodelsurfaceduringthetests.Onesetofdatawas
obtainedwhenthemodelwascsrefullypolishedbeforeeachtest. These
dataaredesignatedby theopensymbolsinfi~e 13andareconsidered
representativeofa ‘tsmooth”surface.Theothersetofdata,designated
by thesolidsynibols,wasobtainedwhenno attemptwasmadetokeepthe
modelpolishedandareconsideredrepresentativeofa “rough’!surface.
Thislatterprocedureresultedina considerablyroughermodelsurface
thantheformerprocedurebecauseof thecumulativeeffectduringthe
testsofthenaturalabrasioncausedby foreignmaterialintheairstream.

Infigure13a comparisonofthedatafora smoothsurface(model
polishedbeforeeachtest)withthelaminartheoryindicatesthat,when

% ~3”3 x 106)thedatame about15to 30percenthigherthanthetheory
buttendtodecreasewithincreasingf3by aboutthesameamountasthe
theory.For ~ = 4.9x 106,however,thevaluesoftheheat-transfer
psrameterat f3= 45°,600,and750 arefrom~ to 200percentgreater
thanthelsminsrtheoryandtendtoapproachthelevelpredictedby the
turbulenttheory.Apparently,transitionfromlaminartoturbulent
boundarylayeroccurredbetweenf3= 30°md 45° at thelsrgerReynolds
number.Notethatalternatemetersarelocatedonoppositesidesofthe
mcdel(fig.l(c))sothatifturbulentflawexistedon onesideofthe
modelonly,thenalternatemeterswouldindicatehigherheattrsmsfer.

Thedatafortheroughsurface(modelunpolished)are,in general,
higherthantheotherdatainfigure13 exceptat e = oo~d 15°. At
(3= 30°,45°,snd75° forthelowestRe~oldsnumber,thesedataare
about15percenthigherthanthecorrespondingdatafromthesmoothsur-
face.As theReynoldsnuniberisincreased,theheattransfertendsto
get’progressivelylargerforallvaluesof e ~ 30° andapproachesthe
levelspredictedby theturbulenttheory.Thedataat e = go” are,in
general,belowtheturbulenttheory.Thismaybe attributedto twofactors.
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Oneofthefactorsisthatthemeterat e = 90° is notexposedto ero-
sioneffectsto theseineextentastheothermetersand,hence,thelocal

●

surfacewouldnotbe asrough.Also,thesmallmeasuredvaluesofthe
heat-transferratesat f3= 90°,as shownfortypicalconditionsinfig- %
ure9,resultinlargererrorsintheheat-trsnsfercoefficientatthis
locationsincetheinstrumentationerrors,asdiscussedintheappendix,
wouldhavea largereffect.

Applicationofa flangecorrection(seetheappendix)wouldreduce
allthesedataby 15to 25percent.Thiscorrectionwouldbringthe
smooth-surfacedataatthesmallerReynoldsnunibersintogoodagreement
withthelsminartheory.Thehighervaluesoftheheattransferonthe
roughsurfacewouldbewithintheupperandlowerlimitsoftheturbulent
theory.Evidentlyallothervaluesoftheheattransferareinthe
transitionalrange.Ifthelsrgerexperimentalvalues
turbulentboundarylayer,thentheflat-plateformulas
servativevalues oftheheattransfer.

&picalvaluesofheat-transferratesobtainedon
cylindermodelat ~ = 3.3x 106 ~d ~ = 4.15 are

sxefora fully
againpredictcon-

thehemisphere-
shuwninfigure9.

Inorderto correlatethedatafora laminarboundarylayer,thedimen-
.

sionlesspsmmeter H isplottedagainstthetemperaturepsmmeter
To - TV

Theslopeofthefairedlineswo~d be thelocalstreamNusselt b—
To ●

numberdividedby thesquarerootofthestresmReynoldsnumber,andthe
To - Tr

valueofthetemperatureparsmeterwhen ~ = O wouldbe T . The
n

relativescatterat e= 60°,75°,and90° is greaterthanat”f3= 0°,
15°,30°,and45°. Thisisprobablycausedbythegreatersensitivity
oftheflowto surfaceroughnessat therearwardstations.Theheat-
transfer-coefficientdatapresentedinfiguresIl.and13werenotderived
fromplotsofthetypeshowninfigure9 sincea largerntieroftests
ata givenReynoldsnumberisthenrequiredinorderto evaluatethe
Nusseltnuniber.

~fect ofRoughnessonTransition

Thequantitativeeffectofroughnessontransitimcannotbe deter-
minedfromthepresenttestssinceno attemptwasmadetomeasureor@m- —
troltheactualroughness.Somequalitativeinformationmaybe gained
fromthetests,however,by calculatingdisplacementandmomentumthick-
nessesforcomparisonwiththepossibleroughnesspresent.Also,momentum-
thicknessReynoldsnumbersattransitionmaybe usefulforcanparisonwith
otherdata. d

.
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* Thedisplacementandmomentumthicknessesof thelaminarboundq
layerona spherehavebeencalculatedby themethctlofreference16by
useoftheexperimentalpressuredistributionsoffigures3 end6. The

. displacementthicknesstimesthesquarermt ofthewellReynoldsnumber
wasfoundtobealmostconstantoverthefirst30°ofthesphere;that
is,

.

.

for e<30° andfortherangeoflkchnuaibersandwall.temperaturesof
thepresenttests.~orthemsximumReynoldsn@er rangeandthedism-
etersapplyingtotheheat-transfertestsatMachnumbers2.00and4.15,
theminimmvalueof 8* isabout0.0W3 inchandthemaximumvalueis
aboutO.~~ inchonbothsetsoftests.Thesesmallvaluesindicate
thatverysmallroughnessheightsoftheorderof0.0002inchwouldreduce
considerablythetransitionReynoldsnunibersif correl.aticmsobtainedat
lowspeed(ref.17)oftheeffectofroughnesscanbe appliedto the
subsonicflowregiononthesphere.Observationsmadeoftheabrasion
damageto thesurfaceofthevariousmodelsindicatedthat,in spiteof
polishingbeforethetests,at leastthisamountofroughnesswaspresent
afterthetests.Therelativedamageto themodelswas,ingeneral,the
greatestonthecoppermodelandtheleastonthebconelrecovery-
temperaturemodels.

TheReynoldsnunibersfortransitionbasedonthelocal.momentum
thiclmesse* andthelocalflowquantitiesattheedgeofthebound~y
layerareplottedagainstsingulardistsncearoundthemodelin figure14
forallthedataobtainedinthisinvestigation.Thelocationoftransi-
tionwasarbitrarilytakenas thepointwheretheheat-transfercoefficient
orrecoverytemperaturefirstbeganto increasefromthenominallsminar
values.RQure 14showsthatmostofthedatafrcmtheheat-transfer
modelswiththeroughsurface(modelunpolished)at ~ = 2.00 andat
~ = 4.15 arelowerthantherestofthedataandcorrelateapproximately
onone~ne. Fortheseparticulartests,thislJneapparentlyrepresents
a minimumcriticalReynoldsnuniberbelowwhichtheflowwaslsminar.The
dataabovethislinewe, ingeneral,fromthepolished-modeldataat
~ = 4.15 and fromthedatafortherecovery-temperaturemodels.The
twopointsplottedat e= 90° arefromthesmooth-surfacemodelfor
F& s 3.3 x 106 andareincludedto showthattransitionoccurreddown-
streamof e = gOO fortheseconditions.Allthedataindicatethat
Re*,T tendsto increasewithincreasinge.

.

.
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CONCLUDINGREMARKS k.

An investigationwasmadeofthepressureandequilibrium-temperature ,
distributionsona sphereatWch nunibersof2.00and4.15: Thelocal
aerodynamicheattrsmsferwasalsomeasuredona sphereatMachnum-
ber2.00andona hemisphere-cylinderatMachnuniber4.15. The maximmn

Reynoldsnumberrangeforthesetestswasfrom1.5x 106to 8.1x 106,
basedonfree-streamconditionsandthedianeterofthesphere.

—

Thepressuredistributionsonthefrontpartofthespherewere
independentoftheReynoldsnuniberandin goodagreementwiththetheo-
reticalNewtoniandistributionsatbothMachnunibers.At thelowerMach

—

nuniberthelocationofseparationandthepressuresin theseparated-flow
regionwereaffectedby theReynoldsnumber.

Theequilibriumtemperaturesonthefrontpartofthesphereatboth
Machnuniberswereabout1 percentlowerthanthosepredictedby a simple
theorywhichassumesthatthelocalrecoveryfactor(definedintermsof
thelocalstatictemperature)isthesquarerootofthePrandtlnuniber
forlaminarflowandthecuberootofthePrandtlnuniberforturbulent v
flow.ThedataatthelowerReynoldsnumbersagreedwiththetrendgiven
by thetheoryforl.aminarflow.AstheReynoldsnumiberwasincreased, —

thetemperaturestendedtoincreaseandagreedmorecloselywiththe
d

theoryforturbulentflow.

Downstreamfromthesepsratimpointtherecoverytemperaturesfor
thetestsatW.chnumber4.15 increasedwith-increasingdistancearound
thesphereandwerepracticallyindependentofReynoldsnuuiber.At Mach
nuriber2.00theequilibriumtemperaturesweremorenearlyconstantinthe
separated-flowregionmd decreasedslightlywithincreasingReynolds
number.

—

Theheat-transfercoefficientsatthestagnationpointfromthe
testsatboth~ch numberswereingoodagreementwiththetheoryof
ReshotkoandCohen(~CATechnicalIfote3515).Thevelocitygradients
usedinthetheorywereevaluatedfromtheexperimentalpressuredata. —

Thelocalheat-transfercoefficientsfromthetestsatMch num-
ber2.00wereinagreementwiththetheoryforlsminarflowintheregion
upto approximately20°fromthestagnationpoint.Largeincreasesin
heat-transfercoefficientcausedby transitiontoturbulentflowoccurred
beyondthisregionwiththemaximumvaluesobservedat about40°fromthe
stagnationpoint.Fromthislocationbackio theseparationpointthe
approximatelevelintheheat-transfercoefficientaswellasthevaria-
tionwithdistance-wasfairlywellpredictedbya simpletheorybasedon M

.-.

.
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turbulentheat-transferformulasforflatplates.Theheat-transfer
coefficientsinthesepsrated-flowregionwereabout12percentof the
peakturbulentvaluesonthefrontpartofthesphere.

Theheat-transfercoefficientsfromthetestsat Machnurher4.15
atthehigherReynoldsnumbersweregenerallysimilsrto theresultsat
BMchnumber2.00,exceptthattransitionusuallyoccurredfartherback
on thenose. Themaximumvaluesoftheheat-transfercoefficientdown-
streamoftransitionwereagaininreasonablygoodagreementwiththe
simpleturbulent-flowtheory.ForReynoldsnunibersofabout3.0x 106
or less,thedataovertheentirehemisphericalnosewereinagreement
withthetheoryforlaminarflow.

LamgleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

IangleyFielii,Vs.,August6,1957.
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APPENDIX

HEAT-METERCORRECTIONS

NACATN4125

●

Thelsrgesterrorintheheat-meterdataiscausedby heatconduction
inthemetalflangewhichbridgesthegapbetweenthepl~ andthemcdel
(fig.l(c)).Theexternalsurfaceofthisflangeisexposedto approxi-
matelythesameunitheat-transferratesastheplugandmciielsurface.
Theinsulatingpropertiesoftheairgapforcethisheattoflowintothe
plugorthesurroundingmodel.Theactualquantityofheatconducted
intotheplugfromtheflangedependsonthetemperaturedistributionin
theflangeandthetemperaturesoftheplugandmodel.Theindicatedheat-
transferrateasobtaineddirectlyfromthetemperaturedropacrossthe
constantandiskisthencorrectedby an amountwhichdependsessentially
onthedifferenceintheactualsurfaceareainvolvedinthetotalheat
fluxthroughtheplugandtheprojectedexeaofthedisk.

RatioofCorrectedto IndicatedHeat-TransferCoefficients .

A sectionofa heatmeterwithsymbolicnotationsis shownin .sketch1:

\

I

Sketch1

Thetotalheat ~ flowingperunittimethroughtheccmstantandiskof
thicknessArc isthesumof Qp intothesurfaceareaoftheplug
(theprojectedareaoftheconstambmdisk)smd ~ conductedinfrom
theflange;thatis,

Qt=Qp+Qf (Al)
.
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where

Q-t=

QP=

Qf=

Thetemperaturegradient~
thicknessE.

- Tpfi2p2‘(Tr ) >

()‘St % ~=zp
2YCZPG

#

isassumedconstantacrossthe

An “in~cated”heat-transfercoefficient

Tr - Tp’

where Tm’ is thesurfacetemperatureof the

isdefinedas

phg,whichiS
assumingrone-dimensionalheatflowthroughtheentireplug.
theindicatedheat-transfercoefficienttothetruevaluets
by combiningequations(Al),(A2),and(A3).Thisratiois

[

()]h!~r-Tp1+22~ dT
.=— —— .—
h Tr - Tp’ T dzTr ~=z%21+’ P

r

where

XP’Jhkste‘P

(A2)

flange

(A3)

calculatedby
Theratioof
thenobtained

(A4)

?Kromthenotationshowninsketch1 andtheass~tionofone-
dimensional’heatflow,thevalueof K%’ isgivenbytherelation

( )
T,=l+&&l?~+Ar~mc+Ti
P l% tic

(A5)
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whereATc= T2 - T1. A moreaccuratevalueof Tp maybe
equation(A4)by assumtngthat

“Qp %t(Tp - T2)h ~

(
M

Tr - ‘P)fiZP2‘2(Tr - ‘p)

andby substitutingequation(A3)for h’. Theresultis

kc Ar2
‘P =T2 +----F AT=+

c

where

andfromsketch1

h ()‘PdT=l++—.—
% d2dzTp2=zp

Tr

‘2’P=$NC+T’

NACATN4125

ccnnputedfrom

(A6)

(A7)

(M)

(A9)

.

.

.

.

Eiibtractingequation(A7)fromequation(A5)andusingequation(A9)then
gives

(Ale)

Adding(Tr- Tp’)tobothsidesofequation(AIO)andusingequation(A3)
for N?c resultsintheexpression

Tr-T
l+~~-:}!

Tr - Tpl=
(All)

s
.

*
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Thecorrectionfactorhr ~~
%-

forlamwnvaluesof h’ and
since A is a functionof h

Temperature

Thetemperategadient

31

calculatedfromequations(A4)and(All)

A. An_iterativeprocedureisnecesssry

“L”r

MstributionontheFlsmge

dT~ attheinsideedgeoftheflange
dependsonthequantityofheat”~smsferredtotheflangefrcuntheair-
stresmsndthesurroundingmedelaswellaathethermalconductivityof
theflangesnditsdimensions.Theseeffectsmaybeapproximately
accountedforbywritingtheheatbalanceforanelementoftheflange
ofwidthdl andassuminga constanttemperatureacrossthethickness6
oftheflange.Theheat-transfercoefficienth andtherecoverytemper-
atureTr areassumedconstantthroughout.Theresultingdifferential
equationis

d2
(

—Tr-d~2 ‘)++&(’r -T)-l&(Tr-T)=Os

withthebound~ conditionsof

2=ZP T=TP 1
Z=th T = Tw

Introducingtheindependent

intoequation(AJ2)results

)

variable

r
x=~l

kstc

in

# T

( )zv-T+$*(Tr-T)-(Tr-T)=O

(A12)

(A13)

(A14)

*

.
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whichhasthegeneralsolution

T1—=
Tr - CIIQ(X)- C2~(X) (A15)

.

b

where 10 and ~ aremcdifiedBesselfmctionsofthefirstandsecond
kindoforderzeroand Cl ad Cp are=bitraryconstantschosento
satis~theboundaryconditions(eqs.(A13)).Notethattheseboundary
conditionsimplya discontinuityintemperaturegradientattheedgesof

‘he‘lmge‘ince%
=Ofor Zp>z>zh andnoboundaryconditions

forthevaluesof g
dl

ontheflangeareimposed.Itisbelieved,there-

fore,thattheresultsobtainedbyusingtheboundsryconditions
(eqs.(A13)) areconservativesincethephysicalrequirementofa con-
tinuoustemperaturegradientwouldtendtoreducethetemperaturegradient
attheinsideedgeoftheflangeand,thereby,todecreaaethequantity
ofheatconductedintotheplugfromthefl@ge. n-—

Thetemperaturegradientasobtainedfromequation(A15)is.. --

(u6)

where11 and K1 are
kindoforderone.The

A=l+

modifiedBesselfunctionsofthefirstandsecond
quantityA thenbecomes

(A17)

c\ J‘Lr

Thereciprocalof h isplottedagainst~ infigure15fortypical
valuesof ~. r P

Valuesof h’, ~’ = {~ ‘-p,ad ~-~ $: fromthetestshown

infigure2(d)aregiveninthefollowingt~~le: 1

.
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. @ @
h’,e, E,

&egin. Btu.
(see)(ft2)(%)

15 0.006 0.0543
13 .003 .0913
45 .006 .0375
75 .006 .0144

@

%’

1.W

1.51C
.887

.95

O.0*

.034

.024

.015

0.63 I 1.018 I 0.61$

.73
I
1.013I .72(

.63
I

1.o12
I

.62:

.53 l.~ .5%

@

T-W’- Tp’
‘r-%’

0.018
.01.8
.013
.(X)4

Thecorrespondingvaluesof A (obtainedfromfig.15 andcolumn@),m m.L.

~ ~, (fromeq.(All.)),and ~ fromtheequationT: ~

33

h 1—=
h’ Tr -Tpx

Tr - Tp’

(n8)

(obtainedfromeqs.(A~),(A8),and(All))arealsoshowninthetable.
h in column@ areactuallythefirstapproximationinThevaluesof ~

an iterativeproceduresinceh! and Tpt wereusedtoobtsinthevalues
of A. Thefinalresults,ofcourse,dependdirectlyontheaccuracyof
thesurfacetemperaturesof theplugandmodelwall. It isbelievedthat
themeasuredvaluesof Tw (asshownforthisexampleinfig.2(d)and
usedin column@) aretoolargebecauseofthetypeof thermocouple
installation,whichwasdescribedinthesectionentitled“Hemisphere.
cylinderheat-transfermodel.”Themagnitudeofthiserrorcanbe esti-
matedby assumingone-dimensional.heatflowthroughthemodelwallof
thickness&m. Therelationfortheoutside-walltemperature~
(assumingh= h’)isthen

&
Ti +fih’Tr

T.’= St
w Arm

1+-h’
%
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whichwasusedtocomputethevs-1.uessho~in.col~ @“ These‘sti- w

matedvalueswerethenusedtocomputea newsetofvaluesfor & given

incolumn~. Forthisparticulartest,then,thecorrectionfactor~ .

vsriedfromabout0.53to0.78.

Inviewofthesepossibleerrorsin ~ amd Tp andtheconserva-
tiveeffectoftheboundaryconditions(eqs.(A13)),thecorrectionfactors
shownincolumn@ arebelievedtobesomewhatsmall.Considerationof
allpertinenteffectsindicatesthatmostof”theheat-meterdatainthis

.-.—

reportshouldbemultipliedbya correctionfactorof0.8witha probable
uncertaintyOr *1Opercent.However,when h issmall,asat e = 90°

_“

onthehemisphere,thevaluesof ~ aresmallandlingercorrection
factorsmayberequired.Itwasimpractical-toattempttoapplya cor-
rectiontoallthedatabecauseofpossible@own errorsin TV,

—
Tpt

and .s.

.

.

●

✎
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(b)Temperature-timehistoryof thecoppersphereas readdirectlyfrom
therecords.Flaggedsymbolsdenotetemperaturesmeasuredat the
insidesurface;au othervaluesaremeasuredabout0.05inchfrom
theoutsides face.

r
&=2.o; p. = 98 lb/sqin.abs;To = 492°F;

% ‘ 3.4X 10 (roughsurface).

(c) Temperaturetime historyofthecoppersphereforthessmetest
showninfigure2(a)butcorrectedfortheeffectofthermocouple
depth.

IHgure2.-Continued.
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Figure 9.- Vsriationofheat-transferparameterwithwall-temperature
parsmeterforvariousvaluesof e ontheheat-metermodelat
~ = 4.15 and ~- 3.3X 106.
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Figure 15.- CalcubiMl variation of a correctionfactorwhichisusedto obtaintheratioof
correctedtoindicatedheat-tranafercoeff’iclentsfortheheaimeter.


